Using an extended MHD model including the Hall effect and finite Larmor radius effect, we reproduce multiple dipolarization fronts (DFs) associated with the interchange instability in the braking region of bursty bulk flow in the plasma sheet. Our simulations reveal that the multiple DFs produced by the interchange instability are "growing" type DFs because the maximum plasma flow speeds are behind the fronts. Both the earthward and tailward moving DFs can be produced by interchange instability in the near-Earth region. The Hall electric field is the dominant electric field component in the dip region and the DF layer. The convective and the electron pressure gradient electric field components are smaller. The sharp B z changes in both the dip region and DF layer correspond to the oppositely directed currents that are primarily associated with electrons. The ion diamagnetic current due to the strong ion pressure gradient causes an intense downward current in the dip region, which can produce the dip ahead of the front. The energy dissipations in the dip region and DF layer are dominated by ions through the work done by the Lorentz force. Our simulation results indicate that the magnetic energy can be converted to plasmas on the DF layer, and vice versa in the dip region. Published by AIP Publishing. https://doi
I. INTRODUCTION
Busty bulk flows (BBFs) are usually considered to be a consequence of magnetic reconnection in the middle magnetotail and closely associated with substorms. [1] [2] [3] [4] [5] As BBFs approach the Earth, they are decelerated by the dominant dipole magnetic field, 1,6 exciting current wedge, and geomagnetic pulsation Pi2. 7, 8 A typical phenomenon characterized by a sharp increase in B z at the leading edge of fast flow is referred to as the dipolarization front (DF), which is a thin, vertical current sheet layer that separates tenuous plasma flow from ambient dense plasma in the plasma sheet. In many cases, the B z component exhibits an asymmetric bipolar feature, i.e., a small dip arises ahead of the sharp increase in B z . [9] [10] [11] [12] A typical thickness of a DF is comparable to an ion inertial length and the key physical processes at DFs occur on ion inertial- 13, 14 and gyro-scales. [15] [16] [17] Therefore, the Hall effect due to ion and electron decoupling is to be considered. Simulations and observations show that the Hall effect not only increases the current along the tangent plane of the DF, but also makes the DF structure asymmetric. [16] [17] [18] Another precursor signature of DFs is a transient decrease in B z (referred to as a B z dip), which can be explained based on the models of earthward moving plasmoids 19, 20 or nightside flux transfer events. 21 Satellite observations show that three quarters of the DFs propagate earthward and one quarter tailward. 22 Numerous simulations and observations have been implemented to study the generation mechanism of DF. Till date, however, it is still poorly understood how DFs are formed. Ohtani et al. 10 suggested the asymmetric B z bipolar structure of DF is due to the passage of a magnetic island through comparison of observations with two-fluid simulation. MHD simulation indicated that jet braking occurring primarily in the near-Earth magnetotail is a possible formation mechanism of DFs. 23 Another possible mechanism of the generation of DFs is near-Earth reconnection that creates a magnetic pileup region earthward of the reconnection site. [24] [25] [26] [27] [28] Recurrence of the bursty patchy reconnection may cause the formation of multiple DFs. 15, 29 Additionally, interchange/ballooning instability can be invoked at the interface between the reconnection jet and the pre-existing plasma sheet ahead of it, and related to the formation of the BBFs in the magnetotail. 9, 30, 31 Thus, due to the strong interaction between the fast flow and the ambient plasma, interchange/ ballooning instability may be another candidate for the generation mechanism of multiple DFs. 9, [32] [33] [34] [35] A rough comparison of multiple DFs was conducted by Guzdar et al. 32 through ideal MHD simulation. However, the kinetic features of DFs on the scale of ion inertial length or ion gyro radius indicate that the ideal MHD model without Hall and finite Larmor radius (FLR) effects is incapable of reproducing fully the kinetic features of DFs in the magnetotail. In this paper, we performed a two-dimensional extended MHD simulation, including the Hall effect and the finite Larmor radius (FRL) effect, to study the kinetic characteristics of multiple DFs on the spatial scale of the ion inertial length/ion Larmor radius. The multiple DFs are selfconsistently produced by the interchange instability arising due to the effective buoyant force in the near-Earth region. Specifically, we investigate the instability with a focus on the electric system and energy conversion at the multiple DFs. a) lvhy@buaa.edu.cn , is the specific heat ratio, b is the plasma beta, g x is the effective gravitational force in the x direction, p e is the electron pressure, and d i is the dimensionless ion inertial length. In our study, we take the adiabatic exponent c ¼ 5/3. The second and third terms on the right hand side of Eq. (1) come from the Hall effect and electron pressure gradient (EPG). The gyro-viscosity tension p i is given as
where p i is the ion pressure, B is the magnitude of magnetic field, and V x , V y are components of velocity. We adopt the second-order upwind total variation diminishing scheme 36 in conjunction with the Superbee limiter to solve the two-dimensional extended MHD equations. The computational stability condition requires that the time step is shorter than the crossing time of the grid cells by the fastest wave for all grid cells and all directions i ¼ 1, 2, i.e., ᭝t ¼ C᭝x i /c i max , where c i max is in terms of the largest wave speed by which information can propagate parallel in the i direction, C is the dimensionless Courant number by which fluid travelling within one time step is constrained in one grid cell. Thus, we can get c i max as following expression c i max ¼ jv i j þ c i fast . In the process of fast flow in the near-Earth region propagating towards the Earth, a tailward total force arises as a result from the increase of tailward thermal pressure gradient and the decrease of the earthward magnetic curvature force. In conjunction with the tailward gradient of plasma density due to the flow braking, the total force brings forth interchange instability in the braking region, as an analogy for an effective gravitational force to excite a Rayleigh-Taylor type instability. We are thus led to consider the theoretical idealization of interchange instability, occurring in a background medium that is at rest and at equilibrium. Here, we adopt the model proposed by Guzdar et al. 32 A coordinate system with the x axis pointed anti-sunward, the y axis points from dusk to dawn, and the z axis points from south to north is defined as shown in Fig. 1 . The initial quasi-equilibrium is established in which the plasma pressure balances the magnetic field force and effective gravity. The initial profiles of plasma density and magnetic field component B z along x direction can be deduced as follows:
where q L and q L are the densities on the left (closer to the Earth) and on the right, respectively. The parameter A is constant which is used to maintain the magnetic Bz component positive. The dimensionless ion inertial length
The setup of the simulation coordinate system with the Earth's magnetotail. The x axis points anti-sunward, the y axis points downward, and the z axis points from south to north. The purple arrow marked by "g" represents the effective gravitational force. 
is the length below which ion motion is decoupled from electron motion. It is approximately taken as d i % 0.1. According to the previous observations, 37 the proton and electron temperature ratio T p /T e is taken as 5, which leads to p e ¼ p/6 and p i ¼ 5p/6. The boundary condition is periodic in the y direction and free in the x direction respectively. Initial distributions of plasma density and magnetic field component B z along the x direction are plotted in Fig. 2 .
III. NUMERICAL RESULTS
Numerical results show that as a result of joint action of the tailward density gradient (c.f. Fig. 2 ) and tailward total force, the interchange instability is triggered to generate an earthward moving bubble with low ion density. The two dominant earthward moving flows with lower ion density and higher B z are interlaced with tailward flow with higher density and lower B z . In the wake and flank of the dominant flow heads are regions of the reduced field strength. Due to the fact that the plasma density gradient and total force are remarkable in the near-Earth flow-braking region, the interlaced earthward and tailward moving plasma structures probably oscillate in the braking region. 22, 38 The plasma density structure in the equatorial plane is shown in Fig. 3 . The DF features, shown by the snapshots of B z at given values of y in Fig. 3 , exhibit multiple B z enhancements in Fig. 4 , corresponding to the plasma velocity profiles in Fig. 5 . In this paper, we use the terminology of Pritchett 39 that the first DF is referred to as the "primary front" and the second as the "trailing front." The B z dips obviously arise ahead of the trailing fronts in Fig. 4 , which has been confirmed by satellite observations. 10, 11, 22, 40 It can also be seen that as the multiple DFs in Fig. 4(a) propagate earthward [cf. Fig. 5(a) ], and the maximum ion flow speeds near both DFs occur behind the fronts, which represent "growing" DFs in the terminology of Fu et al. 27, 41, 42 Previous observations from Cluster and magnetospheric multiscale mission indicate that there are a significant number of tailward moving DFs, 22, [43] [44] [45] which is also supported by numerical simulations. 23 It means that DFs propagate not only earthward but also tailward. The statistical analysis of Schmid et al. 22 indicated that three quarters of the DFs propagate earthward and about one quarter tailward. In our simulations, the growing-type of multiple DFs in Fig. 4(b) propagate tailward, as illustrated by the x component of velocity in Fig. 5(b) .
In the present extent MHD model with Hall and FLR effects, the ion velocity is approximately taken as the average velocity according to the expression be determined by the electric current density and the ion velocity, i.e., V e ¼ V i À d i J/n. Figure 6 shows the physical variables along the x direction at y ¼ 1.3. It can be seen that accompanied with the sharp increase in B z and growing increase in the x component of bulk ion velocity V ix , the plasma density and pressure decrease on the multiple DFs. The electron velocity and current density in the duskward direction reach maximum values at the DFs. It indicates that the current density is mainly associated with the electron flow, which is confirmed by the comparison between current densities in Fig. 6(f) . It can also be seen in Fig. 6 that the electron flow dominates the current density in the dip region of the trailing front, which is mainly dawnward.
As seen in Fig. 6 (e), an intense dawnward directed electron flow occurs at the primary front, whereas an intense duskward-to-dawnward bi-directed electron flow appears at the trailing front. Pritchett 39 interpreted that it is a localized E Â B drift caused by the electric field normal to the DF. On both fronts, the current densities are duskward and carried by the dawnward drifting electrons. In the B z dip region ahead of the trailing front, the duskward drifting electron flow contributes to the dawnward current density, which is responsible for the B z dip. These results are consistent with the particle in cell (PIC) results of Pritchett. 39 The strong plasma pressure gradient on the front suggests that there is a diamagnetic current in the narrow DF current sheet. Figure 7 shows the diamagnetic current produced by the pressure gradients of ions and electrons, i.e.,
)Â᭞p e . It can be seen that the current in the DF current sheet is mainly contributed by the ion pressure gradient drift. The reason is that the ion pressure changes more sharply than the electron pressure. 40 Therefore, the diamagnetic current due to the ion pressure sharp gradient is the main part of the dawnward current in the dip region, which generates the B z dip ahead of the DF. The carrier of intense current in the dip region is an electron. Figure 8 shows the profiles of electric field and its ingredients along the x direction at y ¼ 1.3. The magnetic frozenin condition is satisfied well in the region where DFs are absent. In the DF region, the Hall effect plays an important role in the generation of the electric field. The x and y components of the electric field are mainly from positive contribution by Hall and negative by electron pressure gradient electric fields. The convective electric field also contributes to the total electric field. However, since the Hall electric field is much larger than the convective and electron pressure gradient electric field, the dominant part of electric field is the Hall electric field. The results agree well with each other in both the dip region and at the DF layer.
JÁE describes the conversion between the electromagnetic energy and plasma kinetic (including thermal and bulk flow) energy. Positive JÁE corresponds to a load, i.e., the transport of electromagnetic energy to plasma energy, and negative JÁE corresponds to a generator, i.e., the transport of plasma energy to electromagnetic energy. 34, [45] [46] [47] In our simulation, positive values of JÁE are seen on DFs at both leading and trailing fronts, while JÁE is negative in the dip region ahead of the trailing front, as shown in Fig. 9 . Therefore, in the presence of B z dip, the energy transfers from plasmas to the fields. However, as for the DFs without the precursor signature of the B z dip, they only play roles of transferring electromagnetic field energy into plasma kinetic energy.
IV. DISCUSSION AND CONCLUSIONS
We performed a two-dimensional extended MHD simulation augmented with Hall and finite Larmor radius (FLR) effects to study the multiple dipolarization fronts (DFs) produced by the interchange instability in the braking region of BBF, which is attributed to the joint interaction by the tailward imbalanced total force and the plasma density gradient toward the magnetotail. It has been proved that the DF is mostly characterized in the spatial scale of the ion inertial length/ion gyro radius. Accordingly, the model proposed in this paper is self-consistent and thus can reproduce the physical features of the DFs in the kinetic scale.
Multiple DFs reported in the present study can be classified into two categories according to the plasma flow direction, i.e., earthward moving DF and tailward moving DF. Since the highest ion flow speeds near both kinds of DFs occur behind the fronts, the DFs are "growing" type in the terminology of Fu et al. 27, 41, 42 Tailward moving DFs accompanied with tailward fast flow have been frequently observed in the near-Earth region, 22, [43] [44] [45] which cannot be produced by the tailward outflow of tail magnetic reconnection since the occurring site is too close to the Earth and the z component of magnetic field B z is positive. The tailward propagating flow can be referred as a result of a DF rebound at the magnetic dipole-dominated near-Earth plasma sheet. 23 The fast tailward moving DFs are recorded directly after the rebound of the fast earthward moving DFs. 22 In our study, we proposed another generation mechanism of the tailward moving DFs, i.e., interchange instability in the near-Earth region.
The simulation results indicate that the sharp B z increases on the DFs are associated primarily with the electrons, the current densities in the dip region and DF layer are mainly contributed by the electron flow, which is consistent with the simulation results. 39 It is interesting that all of the trailing fronts exhibit B z dips, where the current density is considerable and dawnward. In previous studies, several models including BBF-type flux ropes and night side flux transfer events [48] [49] [50] have been proposed to explain the physical property of B z dip. The present results indicate that it can also be explained based on the interchange instability. Since electrons are frozen in the magnetic field on DFs and the electric field is normal to the tangent plane of DFs, the intense current density in the dip region is mainly contributed by the E Â B drifting of electron flows. A test particle model 51 showed that the carrier of the dawnward current ahead of DF is ions that have been reflected and accelerated by earthward propagating DFs. Although being incapable of treating ions and electrons as particles, our extended selfconsistent MHD model including Hall and FLR effects can truly decouple the electron and ion motions, which makes it get the accordant result with PIC simulation 35 that the electrons dominantly contribute to the dawnward current in the B z dip region.
The strong plasma pressure gradient on the front motivates us to investigate the diamagnetic current for ions and electrons. It is found that the main contribution to the current on the front is the ion pressure gradient drift, same as in the dip region, which is consistent with the results from observations and simulations. 40, 50, 51 In some cases, 52 the electron pressure may decrease at the front, and the current resulting from ᭞p e may dominate. Therefore, although the electrons are carrier of the intense current in the dip region, the ion diamagnetic current due to the sharp ion pressure gradient causes the increase of current there.
DFs are narrow current sheets where Hall physics dominates and the electrons are frozen-in. The comparison between the components of electric field on the multiple DFs indicate that at both primary and trailing fronts, the Hall electric field provides dominant contribution to the total electric field whereas the contributions from convective and electron pressure gradient electric fields are very small. This result is in a good agreement with previous observations 16, 40 and simulations. 18, 35 In the present Hall MHD model, since the electron flow is frozen-in to the magnetic field, the electric field on the xy plane is E ? ¼ ÀV e? Â B. In addition, the Hall model assumes jV e? j ) jV i? j, 53 which means that the electric current is dominated by the electron current. Thus, jE ? j ¼ jV e? Â Bj ) jV i? ÂBj, i.e., the convective electric field is very small compared to the total electric field, meaning that the total electric field is substantially provided by the Hall effect.
Although the electric current is actually contributed by the electron flow on the multiple DFs, the energy dissipation at the DFs is dominated by ions, which has been confirmed by observations and simulations. 34, 39, 45, 54 The explanation can be based on the fact that the energy dissipation is essentially provided by the work done by the Lorentz force under the assumption of ideal conductive plasma, i.e., JÁE ¼ VÁ(J Â B). In the Hall physics, the bulk ion flow is generally the same as the MHD flow, i.e., V ¼ V i þ (m e / M i )V e % V i . Therefore, the ions play a dominant role in the energy dissipation through the work done by the Lorentz force.
In the present study, two categories of DFs are found in the simulation results, one is the DF without B z dip, and another is the DF with B z dip, corresponding to the primary and trailing fronts respectively. The energy of electromagnetic field on the primary front is transferred to the plasma at the DF (JÁE > 0), which means that the primary one is energy load region. It is interesting that JÁE is negative in the dip region ahead of the trailing front, which indicates that the energy of plasma is transferred to the electromagnetic field. On the trailing front, the energy of electromagnetic field is transferred to the plasma. Therefore, the energy exchange between the fields and plasma on the trailing front alters from load to generator regions.
